Heavy metal solubility in podzolic soils exposed to the alkalizing effect of air pollutants. apsule'': Both acidic and alkaline pollutants must be reduced to prevent availability of heavy metals.
Introduction
The territories surrounding the boundary of Russia and Estonia are well-known for acidic air pollutants which originate mainly from the power plants of Narva (Synthesis report, 1991) . However, alkaline pollutants are even more massive, causing a very exceptional environmental situation (Haapala et al., 1996b) . The soil has been polluted by emissions from local sources over areas several thousands of km 2 in size (Haapala et al., 1996a; Kaasik, 1996) . Almost all epiphytic lichens on Scots pine trunks are missing on an area of 1000 km 2 , and less severe damage occurs on a much wider area (Goltsova, 1994) . The special character of alkaline air pollutants on the study area is indicated by exceptional pine epiphytes, namely the lichen Xanthoria parietina (L.)Th.Fr. and the green alga Trentepohlia umbrina (Chlorophyceae Chaetophorales) which makes pine trunks red (Haapala et al., 1996b) . Forest damage can be seen in many places. However, almost virginal forests occur in wide areas. They act as pollutant sinks, suering from the pollutants and at the same time reducing their eects.
Alkalization dominates the processes in soil, changing the originally acidic podzolic soil to neutral or even basic (Haapala et al., 1996a) . The process is characterized by a weak adsorption of sulfur and a much better adsorption of calcium and a very low content of exchangeable aluminum. The pollutant load of heavy metals on this area is considerable (Goltsova and Vasina, 1993; Liiv et al., 1994; MaÈ kinen, 1994) .
The heavy metals in soils may occur in the following forms: water-soluble, exchangeable, speci®cally adsorbed, associated with insoluble organic matter, carbonate, oxides of Fe, Al and Mn, and layer silicates (Beckett, 1989) . It is well-documented that soil acidi®cation leads to cation exchange and increased leaching of base cations, including heavy metals (Ulrich, 1983) . Much less is known about what happens to heavy metals during alkalization. In addition to soil pH, many other factors, such as cationic exchange capacity and dissolved organic matter, have an impact on heavy metal mobility in alkaline soils (Echeverria et al., 1998; Fotovat and Naidu, 1998; Ma and Uren, 1998; Ulrich et al., 1999) .
The aim of the present work was to study heavy metal solubility as a result of the alkalizing impact of air pollutants. Exchangeable and total content of heavy metals were measured in very polluted and in relatively natural pine forests in dierent horizons of the podzolic soils. It was supposed that as a reverse process to acidi®cation and increased solubility of heavy metals, alkalization of acidic podzolic soils leads to decreased mobility of heavy metals.
Study area, materials and methods
The investigations were performed in the western part of the Leningrad administrative region (Fig. 1) . The area belongs to the mixed-forest subregion of the Atlanticcontinental region (Mandre, 1995) . The mean annual temperature is about +5 C and annual precipitation 550 mm. The study area is heavily polluted by energy production and industry (Haapala et al., 1996b) . The largest emissions have originated from the energy power plants of Narva in northeastern Estonia which use oil shale containing 50% inorganic material. Their sulfur dioxide emissions were 141,000 t in 1992 and 97,000 t in 1993 (VTT, 1994) . Estimated heavy metal emissions of the two Narva energy plants in 1992±1993 were the following (t year À1 ): Pb 31, Cd 0.28, Zn 37, Cu 1.7, Ni 4.9, Cr 7, Co 1.08, As 8.9, Hg 0.018, Mn 57, Mo 2, Se 0.14, Tl 0.15 (VTT, 1994) . The Narva power plants are situated just west of the study area. The main direction of the wind is to the northeast toward the study area (Fig. 1) .
Less attention has been paid to the dust emissions of the same plants which, in fact, are still more massive, 186,000 t in 1992 and 135,500 t in (VTT, 1994 . Other large sources of particle emissions are the cement industry in Kunda, northeast Estonia about 100 km west from Narva (86,000 t in 1990, Kallaste et al., 1992) and Slantsy cement and oil-shale industry on the Russian side (62,800 t in 1990, Haapala et al., 1996b) . The particle emissions of Narva, Kunda and Slantsy are together 5±6 times as large as all Finnish particle emissions from industry plus energy production. In addition, several other large particle-emission sources are situated on or near the study area as well as a large-scale mining industry which causes dust emissions.
The studies were performed on 80 sample plots, 41 of them studied more intensively. They were situated in Scots pine Pinus sylvestris (L.) forests, mainly on sandy soils. Similar types of Scots pine forests were selected for the study, but this was not possible in every case, due to dierent geological conditions and to the eects on vegetation and soil of massive, long-lasting air pollution. In all plots a podzol pro®le could be detected.
The soil was formed during the last ice age. Geologically the area is divided into two parts: in the north, the underlying ancient rocks are of silicate composition, while in the south, carbonate rocks predominate. The soil in the north is more clearly podzolized, more acidic and contains fewer alkaline cations.
The sample plots were divided into six zones (Table 1 ; Fig. 1 ). Total chromium concentrations of soil humus are included in Fig. 1 to demonstrate the heavy metal loads in dierent zones of the study area. However, only the results of the most polluted zone 1 and the``background'' zone 6 are used in this article.
On each of the 41 plots, samples from the humus, eluvial and illuvial horizons were taken during autumn 1994. Two samples on each plot, both of them containing ®ve subsamples, were taken with a cylinder and combined into a single sample (totally 10 subsamples) for each plot and horizon. The samples were air-dried to constant weight. Particle size, water content and organic matter content were studied, and pH measured in both water (1:2 v/v) and 1 M KCl (1:10 v/v) suspensions; pH was also measured from pine bark samples. Elemental concentrations of Al, Ba, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, S, V and Zn were determined from both HNO 3 extractions (total content, see Haapala et al., 1996a) and 1 M ammonium acetate (exchangeable content; 1:10 v/v, pH 4.65; the suspensions were left to stand overnight before being shaken for 1 h and then ®ltered) extractions. Exchangeable Al was measured in the KCl-extractions.
Analyses were performed in St. Petersburg in the MECHANOBR ANALIT laboratory, which participates in international intercalibration. An inductively coupled plasma emission spectrophotometer (ICP, PST, BAIRD) and an atomic absorption spectrophotometer (PERKIN ELMER, Model No 5100 PC) were used for the measurements. Exhangeable acidity (EA) was determined for the 0.1 M BaCl 2 -extractions (1:10 v/v) by titration with NaOH to an endpoint of pH 7.00.
Results and discussion

Total metal content in soil
The mean total concentrations of heavy metals in soil are not much higher than those in the south-Finnish forest soil (Table 2 ). In the less polluted zone 6, the contents of Cd, Cu and Zn are almost similar, whereas Pb is lower and Cr and Ni are somewhat higher in zone 6 compared to the southern Finland. In the case of vanadium, comparable data is available from the whole Leningrad region showing that V content is relatively low in the whole study area.
The highest content of heavy metals was, in most cases, found in zone 1, in the nearest vicinity of the Slantsy industrial complex (see Cr in Fig. 1 ). In comparison to the south-Finnish forest humus, the heavy metal content in this zone was 1.5-to 4-fold, the dierence being highest in the case of Cr and Ni. Compared to the Niepolomice forest in Poland (Greszta, 1988) , the heavy metal contents of the study area were clearly lower, even near Slantsy (Table 2 ). In Niepolomice, the forest soil was treated with dusts from dierent industrial sources. However, calcium and potassium contents were much higher in our study area compared to Niepolomice, even in cases where the soil of the Niepolomice forest was arti®cially polluted by ash from cement plant (CaO content 47%) totaling 75 t ha À1 during 1.5 years. It can thus be concluded that the heavy metal content is increased due to the local air pollutants but is not extremely high.
The maximum metal concentrations in soils permitted under European Union regulations (Wild, 1994) were not exceeded, with the exception of Ni in one sample plot. The highest contents were (in mg kg À1 ; EUmaximum in brackets): Zn 152 (300), Cu 29 (140), Ni 76 (75), Cd 1.7 (3), Pb 190 (300). In very polluted areas, heavy metal concentrations are much higher, for instance near the Severonickel Company smelter in the Kola Peninsula the nickel content of soil has risen to 4000 mg kg À1 and the copper content to 2000 mg kg À1 (Kryuskov, 1991) . The forest soil of the study area is specially characterized by very high accumulation of alkaline earth and alkali metals. The subject has been previously discussed by the present authors (Haapala et al., 1996a) . The Ca concentration in most polluted plots has risen even to 100,000 mg kg
À1
. The correlation of total soil calcium with Al, Fe, K, Mg, Na and Ba was very signi®cant. Similar extreme soil alkalization has taken place in the surroundings of Kunda and its ecological eects has been reported by Mandre (1995) and Mandre et al. (1999) .
On the other hand, sulfur content is not so high as would be expected in the light of the very high emissions. This is obviously due to the low sulfur-adsorption capacity of these podzolic humus soils. On the contrary, the adsorption of calcium is much more ecient. Sulfur as a gaseous emission is also distributed on much wider areas than particulate pollutants thus resulting in smaller deposition concentrations. The result of the whole pollutant deposition is strong alkalization of the soil.
Correlation between total content of dierent metal elements gives interesting evidence as to the composition Tamminen and Starr (1990) . b Greszta (1988) .
of pollutant deposition. On the most polluted plots, the airborne pollutant load has a very great eect on the total content of many elements. Concentrations of Al, Fe, and Ca are closely correlated in soil humus (Table 3) . It can be concluded, that they mainly originate from the same sources. Similarly, heavy metals are positively correlated with Al, Fe, and Ca even though the correlation is not signi®cant in some cases. Indeed, the particulate emissions of both Narva energy plants and Slantsy industrial plants contain a lot of Al, Fe, and Ca (also much Si, which was not measured) and additionally heavy metals. However, many other factors have an impact on the total element content in soil, namely the quality of soil, the dierences in the adsorption capacity, etc. Correlations between dierent heavy metals vary widely: cadmium even gave negative results with Cr and Ni, but a signi®cant positive correlation with Zn and Cu. The highest value was measured between Cr and Ni (r=0.920) which elements showed the highest concentrations compared to the southFinnish forest soils (Table 2) .
Exchangeable metal content in soil
The relationship of exchangeable and total metal content in humus is dependent on many factors. Since air pollutants have a great eect on the total content of many elements, the chemical form of dierent pollutants must be taken into account. Some elements may be deposited as unsoluble compounds. In these cases, the ratio of exchangeable to total content is low. On the other hand, air pollutants may react in dierent ways in soil with organic and inorganic compounds, some of them forming unsoluble compounds and others becoming more soluble. Soil acidity has a great in¯uence on these processes as do redox-potential, moisture and other physical, chemical and biological factors.
For many heavy metals, only a few percent of the total content was found in an exchangeable form. This was true for Cr, Cu, Fe, Ni and V, but not for Cd, Zn, and Pb, Cd having 39%, Zn 19%, and Pb 14% in an exchangeable form (Table 4 ). The special feature of cadmium has been mentioned by Ferguson (1990) who says that compared with other heavy metals, a signi®cant proportion of cadmium is exchangeable in soil (of the order 20±40%). Also Ulrich et al. (1999) reported the highest levels of extractable fraction for Cd, moderate for Zn and low for Pb. For alkaline earth and alkali metals, a relatively high proportion in exchangeable form was found in most cases (Table 4) .
The variations in exchangeable/total ratios were interesting for many elements and can best be understood when the most acid zone, 6 (periphery; mean pH of humus being 4.13, Table 5 ) and most alkaline zone, 1 (near Slantsy; mean pH of humus 7.55) are compared (Fig. 2a±c) . Due to acidi®cation, metal cations are changed to exchangeable and soluble form by the eect Table 3 Correlations (Pearson) of total element content in the humus horizon of the Scots pine forests of the study area (n=78) of cation exchange by hydrogen ions. Therefore, the proportion in exchangeable form was supposed to be greater in the acid zone of our study area. This was actually the case in regard to alkaline earth and alkali metals. An even greater dierence was observed for aluminum ( Fig. 2c) , the solubilization of which is strongly dependent on the acidity of soil. Extremely great changes were observed in the ratio of exchangeable Ca to exchangeable Al (Haapala et al., 1996a) . In contrast, the proportion of their exchangeable forms was greater in the polluted alkaline soil humus in the case of most heavy metals, namely Cd, Cr, Cu, Fe, Ni and V (Table 4 ; Fig. 2a,b) . For Zn the proportion was almost similar in both zones. These observations are not in agreement with the generally known fact that many heavy metals are changed into a more soluble form by acidi®cation.
In fact, it is not only the question of acidi®cation/ alkalization in the prevailing conditions. Heavy metal exchangeability in alkaline soils may be increased by cation exchange in which calcium ions have an impact on the solubility of heavy metals (Zhu and Alva, 1993; Echeverria et al., 1998) . The concentrations of exchangeable Ca are very high in our most polluted plots (about 1000±10,000-fold higher than exchangeable concentrations of heavy metals) thus inhibiting the adsorption of heavy metals.
Other processes may also cause the increased exchangeability of heavy metals in alkaline soils. McBride (1989) states that although raising soil pH reduces the concentration of free metals, the higher pH promotes the dissolution of soil organic compounds and the formation of soluble metal-organic complexes. Similarly, GoÈ ttlein (1988) came to the conclusion that application of excessive amounts of limestone resulted in the dissolution of heavy metals due to the enhanced release of organic complexing agents. Soil organic matter has different eects on heavy metal concentration at dierent pH-values (BruÈ mmer and Herms, 1983) . The organic matter in soils immobilizes heavy metals under strongly acidic conditions (for Cu and Pb at pH values below 4, for Zn below 5.5, for Cd below 6) and mobilizes metals in weakly acidic to alkaline conditions by forming insoluble or soluble organic metal complexes, respectively. According to BruÈ mmer and Herms (1983), Cu and Pb concentrations increase at pH values above 6 or 7 in some soil samples with a higher content of organic matter, because soluble metal organic complexes are formed in this pH range.
The heavy metals Pb and Cu may be mobilized after liming also due to organic compounds formed as a result of stimulated decomposition (Kreutzer et al., Fig. 2 . a±c. Total and exchangeable Cr-(a), Cd-(b), and Al-(c) concentrations and their ratios in humus horizon of the background sample plots (zone 6) and polluted plots (zone 1).
1989). Because a large part of dissolved organic carbon substances can form metal organic complexes, it is understandable that the concentrations of heavy metals such as Pb and Cu increased in the soil solution of the organic layer. Zn and Cd may also be concentrated in the forest¯oor as a result of liming which causes organic matter to diminish (Marschner and Wilczynski, 1991) . Correlations between exchangeable metal element contents in humus also supported the observation of metal element solubilization as a result of increased alkalinisation. pH has a positive correlation with exchangeable calcium content (Table 6 ). For heavy metals, correlation with pH is variable. If they were more soluble in acidic soil, they should have a negative correlation with pH, similar to Al. However, the exchangeable content of all heavy metals (except Pb) showed an increasing trend with increasing pH, the correlation being signi®cant in the case of Cr and V.
Also, calcium has a clear positive correlation with heavy metals in the humus layer (Table 5 ). This observation may support the aforementioned view that ion exchange by Ca plays an important role in the mobilization of heavy metals.
Exchangeable aluminum showed a totally dierent behavior having a strong negative correlation both with pH and with Ca. It is generally known that acidi®cation increases Al-solubility. However, Al-solubility is maintained in higher soil pH by complexing anions (including organic compunds) and may even be increased in neutral or slightly alkaline soil (Paterson et al., 1991) . In the case of liming, the generalized overall reaction in acid soil leads to the precipitation of Al 3+ as Al(OH) 3 . In an idealized complete liming, the soil pH rises to about 8.3, and complete base saturation is achieved (Thomas and Hargrove, 1984) . In the vicinity of Slantsy, soil pH H 2 O was in many cases 8.3 or near it, and Ca content of humus rose even to 100 g kg À1 (Haapala et al., 1996a) . Therefore, it is understandeable that exchangeable Al content was very low in such conditions. The correlation coecients were calculated, in addition to humus, for the eluvial and the illuvial horizons (Table 6 ). Interesting dierences were observed between the horizons, especially between the humus and the illuvial layers. In the latter horizons, most of the heavy metals showed negative correlations with pH, in contrast to the humus layer where the correlation was positive. In the illuvial layer only acid conditions prevailed while humus was in many places alkalized by air pollutants. It is thus supposed that the illuvial layer data indicates the``normal'' acid impact which makes the heavy metals more soluble. In the humus horizon, the alkalizing eect is so strong that the correlation is opposite. Calcium did not show any signi®cant correlations with heavy metals in the illuvial horizon.
Exchangeable metal contents are presented in more detail in Fig. 3a±b , which oer information about the dierent soil horizons and dierent zones of the study area. The exchangeable element content is much higher in humus than in other layers, especially in polluted areas. Dierences between the most and least polluted areas are also very great, metal concentrations being very high in the humus layer of the polluted zone. However, in other horizons, especially in the illuvial layer, the exchangeable metal content was higher in the background area. It can be concluded that pollution from areal sources has a strong eect on the high element-content in humus. This was especially true in zone 1 (nearest the vicinity of Slantsy). The accumulation pattern was, however, not similar for all elements. The dierences may have resulted from dierent pollutant load and from dierences in solubility and organic complex formation. Table 5 gives more information about the acidity± alkalinity conditions in dierent soil horizons of polluted and non-polluted areas (see also Haapala et al., 1996a) . In the most polluted zone 1, pH in humus was above 7 due to massive alkaline pollution, and decreased in the deeper horizons. The opposite situation prevailed in the least polluted plots where humus pH was even below 4 and pH was higher in deeper horizons. Exchangeable acidity was accordingly higher in the background plots and their humus layer and very low in the humus and eluvial horizons of the polluted areas. Similarly, exchangeable aluminum content of the upmost layers of polluted plots was low (even though the total content was very high) and much higher in non-polluted samples. In zone 6, the high content in the illuvial horizon may indicate the process of the movement of podzolization deeper in the soil. On the contrary, exchangeable calcium concentrations were extremely high in the humus of polluted areas and clearly increased also in deeper horizons having an impact on the pH.
Conclusions
The generally accepted concept as to the role of soil acidi®cation in the solubility of heavy metals Ð namely that the heavy metals are changed to more soluble form by acidi®cation Ð is too much simpli®ed. In many cases, the exchangeable content of heavy metals was higher in soils polluted by alkalizing metals than in acid soil, even relative to the total metal content. Heavy metal exchangeability in alkaline soils may be increased by cation exchange due to the very high calcium concentrations. The rise in pH may also lead to increased microbial degradation of humus and higher content of soluble organic compounds which can form soluble complexes of heavy metals.
These observations are environmentally important. The main measures to decrease air pollution in the study area have been directed toward decreasing the sulfur dioxide pollution. If alkaline pollutants are not decreased at the same time, it is possible that soil alkalization will spread over wider areas. As a result, heavy metals will be in a more exchangeable form and may cause environmental damage. The possibility of dangerous heavy metal mobilization must also be borne in mind when liming of acidi®ed forest soils is planned.
The massive accumulation of Ca, Al, Fe, K, and Mg in the same sample plots in the surroundings of Slantsy indicates the very great eect of local pollutant sources. The content of heavy metals was increased in the same places, but not to a very high level. However, since heavy metals are mobilized into soluble form under the conditions prevailing in the study area, it is possible that some part of them is transferred to the groundwater and to water ecosystems.
